The gene that encodes the epidermal growth factor receptor (EGFR) is frequently overexpressed or mutated in human cancers, including glioblastoma. However, the efficacy of EGFR-targeted small-molecule inhibitors or monoclonal antibodies in glioblastomas that also have mutation or deletion of the gene encoding phosphatase and tensin homolog (PTEN) has been modest. We found that EGFR signaling was blocked by a small molecule (G5-7) that selectively inhibited Janus kinase 2 (JAK2)-mediated phosphorylation and activation of EGFR and STAT3 (signal †
INTRODUCTION
Gliomas are the most common primary brain tumors. Grade IV glioblastoma (GBM) is the most frequent and aggressive form, with a median survival of about 12 months after aggressive treatment with surgical resection, radiation, and chemotherapy (1) . Although malignant gliomas display genetic heterogeneity, common molecular alterations are often found within specific signal transduction pathways. The genes encoding epidermal growth factor receptor (EGFR) and a constitutively activated mutant, called EGFR variant 3 (EGFRvIII), are frequently overexpressed in human GBM (2) . Both EGFR and EGFRvIII strongly promote gliomagenesis and are promising potential targets for therapy.
Janus kinases (JAKs) are a family of nonreceptor tyrosine kinases that transduce cytokine and growth factor signals. When receptors are activated by ligand binding, receptor-bound JAKs are activated through transphosphorylation. Activated JAKs then phosphorylate substrates on tyrosine residues, including the receptors to which they bind, providing docking sites for the downstream signaling proteins, including members of the signal transducers and activators of transcription (STAT) family (3) . STAT proteins are then phosphorylated on specific tyrosine residues by JAKs, triggering dimerization, nuclear translocation, and increased transcription of STAT-responsive genes. Thus, activation of the JAK/STAT signaling pathway plays a central role in regulating genes that encode proteins involved in cell growth and differentiation as well as cell death. Among the JAK and STAT family members, JAK2 and STAT3 have been extensively implicated in the development and progression of numerous cancers. For example, mutant forms of JAK2 have been identified in various myeloproliferative neoplasms (4), and they exhibit deregulated kinase activity, resulting in chronic activation of signaling pathways downstream of JAK2 (5).
STAT3 is a prominent member of the STAT family of transcription factors (6) and is constitutively active in many human cancers (7) . It can be activated through direct gain-offunction mutations (8) or by various upstream signaling pathways (9) . STAT3 can be also activated by EGFR, JAK2, and other tyrosine kinases activated by EGF, leukemia inhibitory factor (LIF), and other cytokines (10) . Thus, STAT3 represents a convergence point of many signaling pathways and plays a major role in oncogenesis (11) and tumor metastasis (12) .
STAT3 is constitutively activated in 60% of primary malignant gliomas, and the extent of activation correlates with glioma grade (13) . An inhibitor of JAK2-STAT3 signaling, JSI-124, inhibits enzymatic activity of STAT3, reduces abundance of STAT3 target genes, suppresses tumor cell proliferation, and induces apoptosis in these high-grade gliomas (13) .
GBM remains a clinical challenge because these infiltrative, aggressive tumors nearly always recur because of therapeutic resistance leading to fatality. New, effective therapies are needed to improve patient outcomes. The potential for developing anti-EGFR/EGFRvIII agents either as monotherapy or as combination therapy remains high, yet recent results have been unsatisfactory because these treatments cannot effectively extend overall survival (14) . Mechanisms underlying GBM resistance to anti-EGFR therapy are not entirely clear, but phosphatase and tensin homolog (PTEN) deficiency and deregulated phosphatidylinositol 3-kinase (PI3K) pathway activity may play an important role because they correlate with resistance to EGFR inhibitors (15) .
We discovered a small-molecule inhibitor, G5-7, that selectively blocked JAK2-mediated phosphorylation of EGFR on Tyr 1068 by allosterically binding JAK2, and was more potent in suppressing the proliferation of U87MG/EGFRvIII cells than were canonical EGFR and JAK2 inhibitors. Furthermore, G5-7 reduced vascular endothelial growth factor (VEGF) secretion and angiogenesis in GBM, providing a novel therapeutic approach to antagonizing EGFR activity in GBM.
RESULTS

Screening reveals small molecules that more potently inhibit proliferation of EGFR mutant, PTEN-deficient cells
GBMs with PTEN deficiency are resistant to EGFR inhibitor therapy (15) . To search for pharmacological agents effective in treating this most malignant form of GBM, we developed a cell-based phenotypic screening assay to identify small molecules that selectively block the proliferation of GBMs that have increased abundance of EGFRvIII and are deficient in functional PTEN (U87MG/EGFRvIII) but weakly inhibit cells that have wild-type EGFR and wild-type PTEN (U87MG/PTEN) (16) . The positive hits that substantially blocked cell proliferation (inhibition rate >50%) of U87MG/EGFRvIII cells from the first round of screening were applied to U87MG/PTEN cells. Only those compounds that displayed a strong inhibitory effect on U87MG/EGFRvIII cells but a weaker effect on U87MG/PTEN cell proliferation were selected for the next round of screening, which evaluated cytotoxicity toward normal human astrocytes and mouse embryonic fibroblasts (MEFs). Only those compounds that induced little cytotoxicity (inhibition rate <10%) in these noncancerous cells were further evaluated. After screening about 5000 compounds by this process, we identified a number of compounds that belonged to smaller groups of functional families with similar chemical backbones. Here, we present results on one family of compounds: 1-piperidinecarboxylic acid, 4-oxo-3,5-bis(phenylmethylene)-, ethyl esters (G5-7). Compounds 4539-B8 and 4544-G5 were the initial positive hits, which shared a similar chemical backbone to G5-7 ( Fig. 1A and table S1 ).
Structure-activity relationship (SAR) studies demonstrated that compound G5-7 exhibited more potent antiproliferative activity against U87MG/EGFRvIII cells than did the initial positive hit 4544-G5 (Fig. 1A) . Compared to 4544-G5, the antiproliferative effect on both cell lines was impaired when multiple substitution groups or a bulky group was introduced to the benzene ring (G5-5, G5-6, G5-9, and G5-12), or when the 2′ and 4′ positions on the benzene ring were electron donors, such as an oxygen atom (G5-1, G5-3, G5-4, G5-11, G5-13, G5-16, and G5-17) (Fig. 1B and table S1 ). Notably, 3′ methyl-substituted compound (G5-14) exhibited inhibitory effects toward both cells. The small fluoro-or chlorosubstituted G5-2, G5-7, and G5-8 compounds demonstrated a significant antiproliferative activity on U87MG/EGFRvIII cells compared with U87MG/PTEN cells, indicating that these small electron-withdrawing groups increased the inhibitory effect. Compared to G5-7, the ethyl ester group could be replaced with bulky phenyl ester groups (G5-N-2, -3, -4, and -5) without substantially affecting its inhibitory activity ( Fig. 1C and table S1 ), suggesting that this ester group is not essential for its biological effect. However, their inhibitory selectivity toward EGFRvIII overexpression cells was not comparable to G5-7. Replacing the ethyl ester group with alkyl or methyl aldehyde groups increased the inhibitory activity in the compounds G5-X-2, -5, -7, and -8, which showed IC 50 (half-maximal inhibitory concentration) values of 0.68, 0.69, 0.95, and 0.72 μM, respectively (Fig. 1D , table S1, and fig. S1). Because it had prominent antiproliferative activity and was readily available, we focused on using G5-7 for our biochemical and pharmacological studies. G5-7 also exerted robust antiproliferative activity on PTEN wild-type LN229/EGFR and SF763/EGFR GBM cells. However, these cells showed less response to G5-7 than did PTEN-deficient U87MG cells ( fig. S2A ). Moreover, G5-7 comparably increased the abundance of markers of apoptosis in parental LN229 cells and U87MG/EGFRvIII cells ( fig. S2B ), suggesting that the apoptosis-inducing activity of G5-7 contributes to its antiproliferative effect on GBM cells.
G5-7 inhibits EGFR tyrosine phosphorylation and downstream mTOR signaling and arrests the cell cycle at G 2 phase
To quantitatively analyze the selectivity of compounds from the initial screenings, we determined the IC 50 values of G5-7 on six isogenic U87MG cell lines. Titration assays revealed that both U87MG/EGFR and U87/EGFRvIII cells were more sensitive to G5-7 than the PTEN-expressing U87MG cell lines, especially U87MG/PTEN cells. The IC 50 for G5-7 on U87MG/EGFR and U87MG/EGFRvIII was about 0.75 and 1 μM, respectively, whereas the IC 50 on U87MG/PTEN was about 4 μM ( Fig. 2A) . Overexpression of EGFRvIII in U87MG cells greatly accelerates the G 2 /M phase in U87MG cells (17) . Flow cytometric analysis revealed that G5-7 substantially arrested cell cycle at G 2 phase in both U87MG/EGFRvIII and U87MG/EGFRvIII/PTEN cells (Fig. 2B) , indicating that the cell cycle arrest contributes to G5-7's antiproliferative effect in GBM cells.
We next examined the ability of G5-7 to inhibit the proliferation of human neurosphere lines derived from GBM explants using the sulforhodamine B assay. G5-7 inhibited the cell growth of two GBM neurospheres, N08-30 and N09-24, in a dose-dependent manner, with an IC 50 of about 5 μM. The nonneoplastic human neural progenitor neurosphere line (NHNP) showed no growth inhibition within the dose range tested (Fig. 2C) . FISH (fluorescence in situ hybridization) staining demonstrated that both GBM neurospheres were PTEN-deficient through loss of a copy of chromosome 10, which contains the PTEN locus ( fig. S3A ). Additionally, compared with the low abundance of EGFR in NHNP cells, N09-24 has EGFR amplification and was more sensitive to G5-7 at lower concentrations compared with N08-30, which has EGFRvIII amplification ( fig. S3B ). The data indicate that inhibition of EGFR signaling is critical for G5-7's anti-GBM activity, and the sensitivity discrepancy toward EGFR compared with EGFRvIII-expressing neurospheres to G5-7 may result from the different basal levels of EGFR/STAT3 signaling ( fig. S3B ).
Immunoblotting showed that phosphorylation of EGFRvIII at Tyr 1068 was inhibited by G5-7 in U87MG/EGFRvIII and U87MG/PTEN cells (Fig. 2D ) and in GBM neurospheres N08-30 and N09-24 ( fig. S3B ), but phosphorylation of Akt and mTOR (mammalian target of rapamycin) was not affected. Phosphorylation of Akt was not affected by G5-7 in any U87MG cell line tested ( fig. S4 ). However, activation of downstream mTOR substrates 4E-BP1 and p70S6K was inhibited by G5-7 in U87MG/EGFRvIII cells and weakly inhibited in U87MG/PTEN cells, indicating that it exerted an inhibitory effect on signaling pathways that are essential for cell proliferation (18) . This is also consistent with the stronger antiproliferative selectivity of G5-7 on EGFR-amplified, PTEN-deficient cells (Figs. 1 and 2 and fig. S2A ). In contrast, the phosphorylation of STAT3 was inhibited by G5-7 in a dosedependent manner in both cell lines (Fig. 2D ) and in N08-30 and N09-24 neurospheres ( fig.  S3B ), indicating that inhibition of STAT3 is also involved in G5-7's anti-GBM activity.
G5-7 inhibits JAK2 kinase in U87MG/EGFRvIII cells
To explore the direct targets of the G5-7 compound, we tested its effect on kinase activity of various purified proteins. In vitro kinase assays showed that G5-7 failed to inhibit the activity of purified EGFR, in contrast to the traditional EGFR inhibitor erlotinib ( fig. S5A ), suggesting that G5-7 did not directly inhibit EGFR activation. We hypothesized that perhaps G5-7 inhibited the phosphorylation of EGFR by activating protein tyrosine phosphatase (PTPase), but G5-7 failed to affect PTP1B phosphatase activity in vitro, whereas the positive control 1,2-naphthoquinone potently inhibited it ( fig. S5B ). Moreover, G5-7 was unable to inhibit purified mTOR kinase from phosphorylating its substrate p70S6K, although wortmannin did ( fig. S5C ), suggesting that PTP1B, EGFR, and mTOR are not direct inhibitory targets of G5-7. To broaden the search for the direct molecular targets of G5-7, we performed in vitro kinase profile screening using the Invitrogen SelectScreen Kinase Profiling service. Surprisingly, none of the tested kinases were inhibited by G5-7 (using a threshold of inhibition >50%) (table S2), suggesting that G5-7 does not act as an adenosine 5′-triphosphate (ATP) analog to block the targets, like most of the current kinase inhibitors. Accordingly, it did not inhibit the kinase domains from any of the tested kinases up to 10 μM ( fig. S5D ).
To search for G5-7 cellular targets, we synthesized a biotin-conjugated derivative of G5-7 and found that it demonstrated an inhibitory effect on U87MG/EGFRvIII cells comparable to that of parent G5-7, confirming that the ester group in G5-7 can be replaced by other functional groups (Fig. 3A) . Next, using biotin-streptavidin pull-down assay, we isolated biotin-conjugated G5-7-associated proteins from U87MG/EGFRvIII cells, and we examined the proteins by immunoblotting and silver staining. G5-7 competed with the biotinconjugated drugs for a subset of proteins as revealed by proteomics analysis: JAK2, inner membrane protein, heat shock protein 70 kD (Hsp70), zyxin, ataxin 10, annexin A2, and actin (Fig. 3B, lower blot) . Because of the low resolution of the silver staining image, we could not clearly visualize JAK2 or determine whether G5-7 prevented JAK2 binding to biotin-conjugated beads. However, we confirmed the specific binding of JAK2 and biotinconjugated G5-7 by immunoblotting. In Fig. 3B (upper blot), JAK2 selectively interacted with the biotin-conjugated compound, which was blocked by addition of G5-7, indicating that G5-7 may directly bind JAK2. In in vitro binding assays, G5-7 interacted with fulllength JAK2 (Fig. 3C, top) . Partial truncation of the N-terminal domain (JAK2 ATD) slightly reduced the binding affinity of JAK2 for biotinylated G5-7 (compound "D"), whereas partial truncation of the pseudokinase domain (JAK2 PKD) enhanced its binding affinity (Fig. 3C, top) . Moreover, only the N-terminal FERM domain of JAK2 substantially interacted with the biotin-conjugated drug (Fig. 3C, bottom) , suggesting that G5-7 may interact with JAK2 through its FERM domain. The fragment containing both the FERM domain and the pseudokinase domain (fragment 5) displayed reduced binding activity toward G5-7 compared with the fragment containing only the FERM domain (fragment 1) (Fig. 3C, bottom) , indicating that the pseudokinase domain might somehow impede G5-7 binding to the N-terminal FERM domain of JAK2. Because the pseudokinase domain did not interfere with binding of the full-length JAK2, perhaps proper conformation of intact JAK2 protein is important to bind G5-7. To validate the domain of JAK2 to which G5-7 binds, we used the competition pull-down assay described in Fig. 3B with JAK2 fragments 1 and 5. In fig. S6 , both JAK2 fragment 1 (FERM only) and fragment 5 (FERM and pseudokinase domains) interacted with the biotin-conjugated G5-7, and both were prevented by addition of G5-7, supporting an interaction between JAK2 and the drug through its FERM domain.
JAK2 directly phosphorylates EGFR on Tyr 1068 in the kinase domain, stimulating its activity (19) . To confirm the specific effect of G5-7 on JAK2-mediated phosphorylation of EGFR at Tyr 1068 , we examined the effect of G5-7 on EGFR phosphorylation at Tyr 1068 and Tyr 1045 sites in U87MG/EGFRvIII cells and U87MG/EGFRvIII Y1068F cells. JAK2 overexpression increased the phosphorylation of EGFR at Tyr 1068 , whereas it had no effect on EGFR Tyr 1045 phosphorylation. G5-7 significantly inhibited EGFR Tyr 1068 phosphorylation but had no effect on EGFR Tyr 1045 phosphorylation (Fig. 3D ). As expected, the Y1068F mutation abolished its phosphorylation by JAK2 (Fig. 3D) . Together, these data indicate that G5-7 specifically inhibits the ability of JAK2 to phosphorylate the Tyr 1068 site on EGFR.
Numerous small-molecule inhibitors of JAK2 have been developed, and some are currently in clinical trials. One of these inhibitors is lestaurtinib, which inhibits JAK2 with an IC 50 of about 1 nM (20) . Nonetheless, in our study, lestaurtinib inhibited the phosphorylation of kinase-deficient EGFR with less potency than G5-7 at lower doses (Fig. 3E, upper panel) . In addition to targeting EGFR, JAK2 mainly phosphorylates STAT transcription factors, including STAT3 (21) . To test whether G5-7 also inhibits the phosphorylation of STAT3 by JAK2, we performed in vitro kinase assay with purified JAK2 and STAT3 proteins. As expected, G5-7 also inhibited JAK2-mediated STAT3 phosphorylation in a dose-dependent manner (Fig. 3E, lower panel) . The inhibitory effect of G5-7 on STAT3 phosphorylation was not as strong as that of lestaurtinib, indicating that the two compounds may have different mechanisms in inhibiting STAT3 phosphorylation. We next examined the ability of G5-7 to block the association of JAK2 and EGFR. G5-7 decreased the association between JAK2 and EGFR ( Fig. 3F ), suggesting that G5-7 might also block the interaction between JAK2 and EGFR. Hence, G5-7 directly binds JAK2 and allosterically inhibits JAK2 kinase activity toward EGFR Tyr 1068 and STAT3.
G5-7 inhibits the proliferation of U87MG/EGFRvIII cells by targeting JAK2
To explore the antiproliferative effect of G5-7 compared with lestaurtinib, we treated the U87MG/PTEN and U87MG/EGFRvIII cells with increasing doses of G5-9, lestaurtinib, or G5-7 for 3 days and assessed cell proliferation. The negative control compound G5-9 had no effect, whereas G5-7 preferentially inhibited the proliferation of U87MG/EGFRvIII cells compared with U87MG/PTEN cells. On the other hand, lestaurtinib had an antiproliferative effect on U87MG/PTEN cells that was slightly stronger than that on U87MG/EGFRvIII cells ( Fig. 4A ), suggesting that lestaurtinib can inhibit the proliferation of less malignant cells, whereas G5-7 dually inhibits both STAT3 and EGFR activation and potently exerts inhibitory actions against the most malignant cells.
To further compare the action of G5-7 to that of lestaurtinib on the activation of signaling targets, we transfected JAK2-encoding plasmids into U87MG/EGFR and U87MG/EGFRvIII cells (both PTEN-deficient), followed by treatment with vehicle [dimethyl sulfoxide (DMSO)], G5-7, or lestaurtinib. Overexpression of JAK2 strongly enhanced EGFR Tyr 1068 phosphorylation in both cell types, and G5-7 partially reduced JAK2-induced EGFR Tyr 1068 phosphorylation in both cell types (Fig. 4B ). As expected, G5-7 partially inhibited JAK2-induced phosphorylation of STAT3. However, whereas lestaurtinib did not appear to repress EGFR phosphorylation by JAK2, it completely repressed STAT3 phosphorylation below detection (Fig. 4B ). These findings strongly support that G5-7 acted predominantly by blocking the biological activities of JAK2 compared with lestaurtinib.
To examine whether JAK2 is the molecular target of G5-7 directly responsible for its antiproliferative effect, we treated U87MG/EGFRvIII and U87MG/PTEN cells with either control small interfering RNA (siRNA) or JAK2-specific siRNA, followed by treatment with vehicle, G5-7, or lestaurtinib for 4 days (treated twice every 2 days) and monitored these compounds' effects on cell proliferation. Western blotting confirmed the successful knockdown of JAK2 (Fig. 4C) . Depletion of JAK2 reduced cell proliferation, but compared with cells transfected with control siRNA, depletion of JAK2 attenuated the inhibitory effect of G5-7 ( Fig. 4C) , which indicates that inhibition of JAK2 is likely involved in the antiproliferative effect of G5-7. Together, these data show that JAK2 is the main cellular target of G5-7, and inhibition of JAK2 by G5-7 suppresses cell proliferation.
To explore whether G5-7 has any effects on JAK2-STAT signal cascades in noncarcinoma cells, we assessed its effect on JAK2-STAT3 signaling in response to prolactin (PRL), a JAK2 activator, in HC11 mouse mammary epithelial cells. We found that 2 μM G5-7 effectively inhibited STAT3 phosphorylation in response to PRL. As expected, 0.1 μM lestaurtinib completely blocked the phosphorylation of STAT3 and reduced rpS6 phosphorylation, whereas pretreatment with G5-7 had no effect on rpS6 phosphorylation in these noncancerous cells. Lestaurtinib induced extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation (Fig. 4D ). The molecular mechanisms and biological significance of this event remained unknown. We also extended our studies to MEFs and found that both G5-7 and lestaurtinib reduced PRL-triggered EGFR phosphorylation in wild-type MEFs. The phosphorylation of STAT3 was only partially repressed by G5-7 but totally abrogated by lestaurtinib, and similar effects on the phosphorylation of rpS6 in wild-type MEFs were observed (Fig. 4E) , indicating that G5-7, unlike lestaurtinib, does not abolish proliferative signals in noncancerous cells. Knockout of JAK2 (JAK2 −/− ) in MEFs substantially inhibited the phosphorylation of EGFR, STAT3, and rpS6 (Fig. 4E) . Although lestaurtinib completely suppressed STAT3 phosphorylation (Fig. 4B ) and erlotinib (5 μM) entirely antagonized EGFR phosphorylation (22) , G5-7 had stronger antiproliferative effects on various U87MG cells than either of these compounds alone or in combination (Fig. 4F) . We also used another set of inhibitors, gefitinib and ruxolitinib, to confirm this observation ( fig. S7 ), indicating that the antiproliferative effect of G5-7 was also stronger than that of gefitinib (EGFR inhibitor) or ruxolitinib (JAK2 inhibitor) or their combination. These findings suggest that G5-7 may have substantially stronger growth inhibitory effects than either of these two drugs, and indicate that JAK2-mediated phosphorylation of EGFR is critical for the proliferation of GBM.
Oral administration of G5-7 decreases GBM tumor volume and extends the life span of tumor-bearing nude mice
To explore whether G5-7 can block the proliferation of GBM cells in vivo, we subcutaneously inoculated U87MG/EGFRvIII cells into nude mice. The mice were divided into three groups and treated with either vehicle or G5-7 (10 or 50 mg/kg by oral gavage) once a day for 21 consecutive days, and tumor growth was measured. Compared with vehicle-treated mice, those treated with G5-7 developed smaller tumors ( fig. S8A ). In some G5-7-treated mice, the tumors were barely palpable. The average tumor volume on the final day of therapy (day 28 after inoculation) in G5-7 (10 or 50 mg/kg)-treated mice was about half or three-quarters less than that in vehicle-treated mice ( fig. S8B ). Treatment with G5-7 was effective at suppressing the growth of either U87MG-or U87MG/EGFRvIII-derived tumors in mice, but G5-7 was far more effective at inhibiting the growth of U87MG/ EGFRvIII-derived tumors ( fig. S8C ), supporting that G5-7 suppresses tumor growth through inhibition of EGFR signaling in vivo.
Using the subcutaneous model, we further examined the effect of lestaurtinib on U87MG/ EGFRvIII cells in vivo. Oral administration of lestaurtinib (20 mg/kg) also reduced U87MG/ EGFRvIII subcutaneous tumor growth ( fig. S9, A and B) , although the efficacy was much less than that observed for G5-7 at 50 mg/kg.
To further assess the therapeutic potential of G5-7, we used a mouse intracranial xenograft model, again using U87MG/EGFRvIII cells. After confirming tumor formation by magnetic resonance imaging (MRI), each group of animals was immediately treated with vehicle or G5-7 (10 or 50 mg/kg) once a day by oral gavage, and survival was compared by KaplanMeier analysis. The median survival of the vehicle treatment group was 21 days, whereas the median survival of the group treated with G5-7 (50 mg/kg) was longer, 25 days (Fig.  5A ). Ten days after drug treatment, mice were again subjected to MRI. G5-7 had a dosedependent inhibitory effect on tumor growth (Fig. 5B ), exhibiting about 50 and 90% inhibitory effects on brain tumor volumes at doses of 10 and 50 mg/kg, respectively.
Next, we examined signaling cascades in tissue samples derived from tumors extracted from G5-7-or vehicle-treated mice. G5-7 strongly inhibited the phosphorylation of EGFR, rpS6, and 4E-BP1, as well as Akt and ERK1/2, in intracranial tumor sections compared to vehicletreated controls. The phosphorylation of protein kinase C II (PKCII), PKC, and STAT3 was also decreased in some of the samples (Fig. 5C) . The different effects of G5-7 on the activation of Akt and ERK1/2 in vitro and in vivo may be a result of the metabolism of G5-7 in vivo because one of the metabolites of G5-7 (M-G5-7, fig. S10A ) decreased the phosphorylation of Akt and ERK in U87MG/EGFRvIII cells ( fig. S10B ), suggesting that G5-7's metabolites might disrupt Akt and ERK signaling, whereas the parent compound does not. Ki67 staining was substantially reduced (Fig. 5D) , and TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling) staining was strongly enhanced in tumor explant cells by treatment with G5-7 (Fig. 5E ). Together, these data indicate that G5-7 inhibited JAK2-mediated phosphorylation of EGFR and other targets and significantly blocked tumor growth by suppressing proliferation and inducing apoptosis in GBM cells in vivo.
G5-7 decreases VEGF secretion and exerts a potent antiangiogenic effect
Tumor growth and metastasis depend on angiogenesis, which is a complex multistep process that includes the destabilization of established vessels and the proliferation, migration, and invasion of endothelial cells (23) . To explore whether G5-7 has antiangiogenic effect, we performed CD31 (cluster of differentiation 31) (24) immunostaining on the tumor sections from vehicle-or G5-7-treated animals. We found that G5-7 substantially blocked angiogenesis in the tumor samples derived from both subcutaneous and intracranial models (Fig. 6A) . VEGF is a crucial regulator of angiogenesis (25) . Accordingly, we examined the effect of G5-7 on VEGF secretion in U87MG/EGFR-vIII and U87MG/PTEN cells. G5-7 caused a dose-dependent inhibition of VEGF secretion in both cell lines (Fig. 6B) . Reverse transcription polymerase chain reaction (RT-PCR) assay also showed that G5-7 inhibited VEGF abundance at the transcription level ( fig. S11A ). These findings are consistent with G5-7 inhibition of STAT3 phosphorylation by JAK2 (Figs. 3 and 4) and the critical role of STAT3 in regulating VEGF abundance and tumor angiogenesis (26) . However, lestaurtinib exhibited a stronger inhibitory effect on VEGF secretion in both U87MG/EGFRvIII and U87/PTEN cells than did G5-7 ( fig. S11A ). To further investigate the antiangiogenic effect mediated by G5-7, we monitored its activity on the survival, migration, and invasion of HUVECs (human umbilical vein endothelial cells). G5-7 significantly blocked migration and invasion in a dose-dependent manner with comparably modest effects on HUVEC viability (Fig. 6C) , which may be caused by the inhibition of JAK2-EGFR-STAT3 signaling ( fig. S11B ). This finding suggests that inhibition of JAK2-EGFR-STAT3 signaling also contributes to the antiangiogenic activity of G5-7.
Our initial screening approach targeted tumor cells that overexpressed EGFRvIII and was intended to identify only compounds that had minimal effects on noncancerous cells. Therefore, to validate the drug's specificity toward cancerous cells, we examined the cytotoxicity of G5-7 in MEFs or normal human astrocytes (C8-S and C8-D30 cell lines) by monitoring lactate dehydrogenase (LDH) release from damaged or dead cells. G5-7 induced cell death inU87MG glioma cells but exhibited negligible cytotoxicity toward MEFs or C8-S and C8-D30 cells (Fig. 6D) . Consistent with our other findings that G5-7 displayed stronger inhibitory effect toward EGFRvIII-expressing cells (Figs. 1, 2A, and 4A and fig.  S2A ), U87MG/EGFRvIII cells were more sensitive to G5-7 at 5 μM than were U87MG/ PTEN cells (Fig. 6D) , and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays showed similar results in regard to decreased proliferation (Fig. 6E) . Hence, G5-7 exhibits prominent cytotoxic selectivity against the malignant U87MG/EGFRvIII cells over PTEN-proficient cells as well as noncancerous cells.
Structure analysis reveals the relation between Michael receptor and anti-GBM activity of G5-7
The structure of G5-7 contains two α-β unsaturated carbonyl systems, which could serve as potential Michael acceptors, which can react with glutathione (GSH) and suppress GSH abundance in cells, leading to cytotoxicity (27) . To obtain additional information from SAR, we synthesized hydrogenated G5-7 (G5-7-H, Fig. 1E ) and compared the antiproliferative activity of G5-7-H in U87MG/EGFRvIII and U87MG/PTEN cells with that of G5-7. Compared to G5-7, the antiproliferative activity of G5-7-H on both cell lines was reduced ( fig. S12A ), indicating that the two α-β unsaturated carbonyls contributed to the activity of G5-7. To examine whether the inhibitory effect of the α-β unsaturated carbonyl systems on cell proliferation is caused by depletion of antioxidant molecules in intact cells, we performed a GSH depletion assay in various cell lines after 5 hours of exposure to G5-7. G5-7 selectively decreased GSH abundance, leading to increased abundance of oxidative species in cancer cells compared to that in normal astrocytes ( fig. S12B ), reconfirming that G5-7 displays low toxicity in normal cells and that the α-β unsaturated carbonyl contributes to the inhibitory effect of G5-7 on GBM cells. Because G5-7 can decrease GSH abundance and GSH depletion or oxidative stress regulates JAK2-EGFR-STAT3 signaling (28) (29) (30) , it is possible that G5-7 suppressed EGFR and STAT3 signaling through its effect on oxidative stress. To test this possibility, we used auranofin [a gold complex with strong GSH depletion activity (31)] or hydrogen peroxide [to simulate oxidative stress (32)]. Although auranofin or hydrogen peroxide treatment increased markers of apoptosis similarly to G5-7 treatment (figs. S2B and S13A), they decreased the phosphorylation of Akt and increased the phosphorylation of EGFR, ERK, and STAT3 in U87MG/EGFRvIII cells ( fig. S13A) , which was opposite to the effect of G5-7 (Fig. 2D) . Moreover, hydrogen peroxide inhibited PTP1B activity in a concentration-dependent manner similar to the positive control 1,2-naphthoquinone ( fig. S13B) , which was also different from G5-7 ( fig. S5B ). The inhibitory effect of auranofin against PTP1B was comparable to that of G5-7; nonetheless, they displayed different effects toward various signaling pathways ( fig. S13A ). Therefore, these data indicate that inhibition of GBM cell proliferation by G5-7 is mainly through repressing the JAK2-EGFR-STAT3 signaling pathway rather than by inducing oxidative stress. There are many reports on kinase inhibitors with an α-β unsaturated carbonyl system, such as the EGFR inhibitor EKB-569 (33, 34) and the JAK2 inhibitor LS104 (35, 36) , both of which are currently in clinical trials. LS104, a non-ATP-competitive small-molecule inhibitor of JAK2, potently induces apoptosis in JAK2 (V617F) mutant cells (36) . Thus, a small molecule like G5-7 containing Michael acceptors might be expected to be less cytotoxic to normal cells, and indeed, this was shown (Fig. 6, D and E) . Similar to G5-7, EKB-569 also more strongly decreased GSH abundance in cancer cells than in normal cells ( fig. S14) , supporting that the presence of Michael acceptors may not be a major concern for potential side effects of G5-7.
DISCUSSION
We found a novel class of compounds that demonstrated selective antiproliferative activity against PTEN-deficient U87MG GBM cells that overexpress EGFRvIII, compared with U87MG cells that have normal EGFR and are stably transfected with PTEN (U87MG/ PTEN). Similar effects were seen by treatment with G5-7 in primary human PTEN-deleted glioma neurospheres. Oral administration of G5-7 compound displayed a dose-dependent inhibitory effect on tumor growth of U87MG/EGFRvIII in both subcutaneous and intracranial xenograft models. It is worth noting that G5-7 also significantly enhanced survival in the intracranial model. G5-7 demonstrated oral bioactivity, which is highly valued for potential downstream clinical applications. G5-7 inhibited the activation of pathways mediated by JAK2, EGFR, STAT3, and mTOR, as well as Akt, ERK1, ERK2, and PKCs, in a dose-dependent manner after oral administration (Fig. 5) . Moreover, it markedly decreased tumor growth, indicating that the compound itself or its metabolites might be able to penetrate the brain-blood barrier to exert antiproliferative actions by blocking the oncogenic pathways in vivo. The different effect of G5-7 on the activation of Akt and ERK in vitro and in vivo may be due to the metabolites of G5-7. In fig. S10 , the putative G5-7 metabolite M-G5-7 inhibited the phosphorylation of Akt and ERK in U87MG/EGFRvIII cells.
Tumor angiogenesis is the expansion of a blood vessel network within cancerous growths to enhance the supply of nutrients and oxygen, as well as to remove metabolic waste (37) . VEGF is a crucial regulator of angiogenesis, and it exerts its biological functions through VEGF receptors (VEGFRs), predominantly VEGFR2, on endothelial cells. G5-7 exhibited prominent antiangiogenic activity in both subcutaneous and intracranial models (Fig. 6) . Consistent with these findings, G5-7 robustly triggered cell death in HUVECs with an IC 50 of 250 nM and inhibited angiogenesis as assessed by HUVEC migration and invasion assay (Fig. 6) . Examination of the signaling involved in cell migration and invasion indicated that G5-7 not only effectively inhibited JAK2-EGFR-STAT3 signaling but also suppressed Akt and ERK1/2 signaling ( fig. S11B ), which provides further evidence for the potent antiangiogenic effect of G5-7. EGFR regulates VEGF abundance in glioma cells (38) , and mutant EGFR enhances induction of VEGF by hypoxia (39) . Blocking EGFR decreases VEGF abundance, and this is accompanied by decreased angiogenesis (40, 41) . Activation of the EGFR pathway increases the production of tumor-derived VEGF that acts on endothelial cells in a paracrine manner to promote angiogenesis. Accordingly, exposure to EGFR inhibitors is accompanied by attenuation of VEGF abundance (42) . We showed that G5-7 blocked phosphorylation of EGFR on Tyr 1068 5) and suppressed VEGF secretion from U87MG cells (Fig. 6) . However, it failed to block phosphorylation of purified EGFR (full length or intracellular domain), suggesting that G5-7 cannot directly inhibit EGFR. Instead, we found that G5-7 can directly block JAK2, which phosphorylates EGFR on Tyr 1068 (19) . Because the JAK2 kinase catalytic domain could not be inhibited by G5-7, this finding indicated that the compound might interact with other regions of JAK2 to exert its inhibitory effect. In vitro binding assays with a biotinconjugated G5-7 derivative indicated that it interacts with the N-terminal domain (Fig. 3C) . Thus, interaction with a domain on JAK2 other than its kinase motif-an allosteric site-can also inhibit its kinase activity. Conceivably, G5-7 blocked JAK2 interaction with EGFR by binding the N-terminal FERM domain of JAK2.
Here, lestaurtinib completely suppressed the phosphorylation of STAT3, but it barely affected the phosphorylation status of EGFR in U87MG cells. In contrast, G5-7 substantially blocked the phosphorylation EGFR, yet its inhibitory effect on STAT3 phosphorylation was substantially lower (Fig. 4) . Consequently, lestaurtinib exhibited an inhibitory effect on VEGF secretion in both U87MG/EGFRvIII and U87/PTEN cells ( fig. S11A ). Oral administration of lestaurtinib (20 mg/kg) also reduced U87MG/EGFRvIII-derived subcutaneous tumor growth ( fig. S9, A and B) , although its efficacy was much less than that of G5-7. This is inconsistent with its stronger in vitro antiproliferative activity than G5-7. This modest anticancer effect might be due to lestaurtinib's unexpected activation of ERK1 and ERK2 (Fig. 4D ).
Preclinical studies demonstrate that dual EGFR and mTOR inhibition is effective at targeting EGFR-activated PTEN-deficient tumors (17, 43) . However, several clinical trials with the combinatorial therapy in patients with recurrent malignant glioma fail to demonstrate durable responses (44, 45) . Here, we developed an unbiased irrational screen of diverse small molecules that selectively blocked the cell proliferation of GBM cells that overexpress EGFRvIII with PTEN deficiency but have minimal effects on cells with normal copy number of wild-type EGFR and intact PTEN. This counter-screen strategy identified a number of active compounds, with G5-7 being the most impressive based on its inhibition of GBM cell proliferation in vitro and in vivo. Remarkably, this compound is orally bio-active. Chronic treatment of mice with G5-7 (at 50 mg/kg) showed no obvious toxicity in the animals. No hematologic toxicity was evident from complete blood count analysis (table  S3) . We also observed that G5-7 had no effect on the phosphorylation of rpS6 in noncancerous cells as compared to its robust inhibition in malignant U87MG/EGFRvIII cells in vitro and in vitro (Figs. 2 and 5) . Hence, our data indicate that this compound would likely be a safe drug for treating GBM.
Our data demonstrate that G5-7 blocks glioma proliferation through allosteric inhibition of JAK2, blocking the JAK2-EGFR-STAT3 signaling pathway. The activity of G5-7 is not merely the simple combination of the inhibitory activity of JAK2 and EGFR inhibitors (Fig.  4F and fig. S7 ). The mechanism of the inhibition of G5-7 on JAK2, EGFR, and STAT3 is different from that of canonical EGFR and JAK2 inhibitors. It has been shown before that a full-scale phosphorylation of EGFR on Tyr 1068 is required for survival of cells harboring EGFRvIII (46) . Tyr 1068 is phosphorylated by both JAK2 (19) and EGFR autophosphorylation (47) . On the basis of our findings, we propose that EGFRvIII autophosphorylation might require JAK2 association. Inhibition of JAK2 by G5-7 disassociates JAK2 from EGFR, reducing Tyr 1068 phosphorylation. Nevertheless, the canonical JAK2 inhibitors do not disrupt the JAK2/EGFRvIII complex, and hence, they do not prevent the autophosphorylation of EGFRvIII, although they block JAK2-mediated phosphorylation of EGFR on Tyr 1068 . On the other hand, STAT3 is predominantly phosphorylated by JAK2; antagonizing JAK2 with conventional JAK2 inhibitors completely suppresses STAT3 phosphorylation, whereas the allosteric inhibitor G5-7 partially represses STAT3 phosphorylation mediated by JAK2 (Fig. 4C) .
The chemical structure of G5-7 (table S1) can be modified by metabolism in vivo. Currently, we have not examined the brain exposure or optimized G5-7 using medicinal chemistry methods; however, our in vivo data (Fig. 5, B and C) showed that G5-7 evidently inhibited intracranial brain tumor growth and suppressed JAK2-related downstream signals, indicating that either G5-7 itself or its active metabolites can pass the blood-brain barrier. Collectively, our findings not only identify a novel drug for treating the GBM but also provide insight into the molecular mechanisms of how these small molecules impinge on the EGFR-PTEN signaling axis. It should be noted that our study is mainly carried out with constructed GBM cell line models, and the primary human GBM neurospheres included in the study were analyzed in vitro. Future investigation using in vivo intracranial models with primary human neurospheres is necessary for further exploration of the therapeutic efficacy of G5-7. Optimization of these novel compounds will lead to new treatments for the patients with these devastating tumors.
MATERIALS AND METHODS
Cells, reagents, and mice
The human GBM cell line U87MG (PTEN mutant) was stably transfected with vector control, PTEN, EGFRvIII (Y1068F), EGFRvIII, EGFRvIII/PTEN, EGFR, EGFR/PTEN, LN229/EGFR, and SF763/EGFR and maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum and 1× pen/strep/glutamine supplemented with various selection antibiotics [PTEN and EGFRvIII (Y1068F), G418 (400 μg/ml); U87MG/ EGFR, puromycin (0.7 μg/ml); EGFRvIII, LN229/EGFR, and SF763/EGFR, hygromycin (150 μg/ml)]. Human GBM neurosphere cultures were obtained from surgically resected samples and grown in neurobasal medium (Invitrogen) without serum, but supplemented with growth factors [human EGF (20 ng/ml), human fibroblast growth factor-B (10 ng/ml), and heparin (2 μg/ml)] (StemCell Technologies). The horseradish peroxidase-linked immunoglobulin G (IgG) secondary antibody was purchased from GE Healthcare. The Histostain-SP AEC kit was obtained from Invitrogen Inc. PTP1B was purchased from Sigma. All antibodies and the GSH depletion kit were from Cell Signaling Technology. Glutathione S-transferase (GST)-STAT3 protein was purchased from Creative Biomart. Nude mice (nu/nu), 5 to 6 weeks of age, were obtained from the National Cancer Institute (NCI). Mice were housed maximally six per cage and fed autoclaved chow and water with 12-hour light/12-hour dark cycles. The animal protocols were approved by the Institutional Animal Care and Use Committee of Emory University. Animal care was in accordance with institutional guidelines. 
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Chemicals and plasmids
The chemical library containing 2000 biologically active compounds was from the Spectrum Collection (MicroSource Discovery System). In addition, NCI Diversity Set chemical libraries that contain about 3000 compounds were provided by NCI. All the chemicals not included above were from Sigma. The plasmids of JAK2, JAK2 (ATD), JAK2 (CTD), and JAK2 (PKD) were provided by S. Frank at University of Alabama at Birmingham. GSTtagged JAK2 truncation plasmid was amplified from full-length JAK2 and subcloned into pPK5-GST vector with Sal I and Not I sites. Mutated, kinase-deficient EGFR (mGST-EGFR KD K721A) was amplified from human EGFR and subcloned into pPK5-GST vector with Sal I and Not I sites. All constructs were confirmed by sequencing.
Hydrogenation of G5-7 (G5-7-H) synthesis and structure confirmation
General experimental design-1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded on an Inova 400 spectrometer (400 MHz for 1 H, 100 MHz for 13 C). NMR spectra were reported in deuterated solvents with the following reference peaks: for 1 H NMR, CDCl 3 , 7.26 parts per million (ppm); and for 13 C NMR, CDCl 3 , 77.16 ppm.
Abbreviations for signal couplings are as follows: s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublets; m, multiplet; br, broad. Mass spectra (high-resolution fast atom bombardment) were recorded on a VG 70-S Nier Johnson mass spectrometer or a Thermo Finnigan LTQ FT spectrometer. Melting points were recorded on a Fisher-Johns melting point apparatus. Analytical thin layer chromatography was performed on precoated glassbacked plates purchased from Whatman (silica gel 60 F254; 0.25-mm thickness). Flash column chromatography was carried out with silica gel 60 (230 to 400 mesh ASTM) from EM Science. Solvents used in workup, extraction, and column chromatography were used as received from commercial suppliers without prior purification. All reagents were purchased from Sigma-Aldrich.
G5-7-Ethyl
4-oxo-1-piperidinecarboxylate 1 (1.4 g, 8 mmol) was dissolved in a mixture of ethanol (25 ml) and water (25 ml). NaOH (1.0 g, 25 mmol) and 2-fluorobenzaldehyde (2.18 g, 17.6 mmol) were added, and the mixture was stirred overnight at room temperature. The reaction mixture was extracted with CH 2 Cl 2 (3 × 30 ml); combined organic layer was washed with brine (5 ml), dried over Na 2 SO 4 , and concentrated by rotary evaporation. 
G5-7-H-G5-7
(383 mg, 1.0 mmol) and palladium on carbon (20 mg, 30 wt % loading) were added to a round-bottomed flask with a magnetic stir bar. The flask was evacuated by water aspirator vacuum and then charged with a H 2 balloon. Methanol (15 ml) was added, and the stirring was continued for 8 hours. The reaction mixture was then filtered through Celite and concentrated by rotary evaporation. The residue was purified by silica gel flash chromatography (hexane/ethyl acetate, 95:5 to 90:10) to give the G5-7-H as a white solid (142 mg, 37% yield). Melting point, 118° to 119°C; NMR analysis indicated that a single diastereomer was produced as the meso-(cis) diastereomer, which was confirmed by NaBH 4 reduction of the ketone to give two diastereomeric alcohols, whereas reduction of the transdiastereomer would have given only one diastereomer. 1 
In vitro proliferation assay
To analyze the proliferation of glioma cell lines, 3 × 10 3 cells were seeded in a 96-well plate in triplicate. After 24 hours, different concentrations of drugs or vehicle were added with fresh medium. Cells were incubated at 37°C for 96 hours or the indicated times, followed by an MTT assay. To analyze the proliferation of human GBM explant cultures, dispersed human GBMs were grown as neurospheres (N08-30; N09-24) in triplicates seeded at 2000 cells per well in wells precoated with poly-D-lysine (1 mg/ml). A sulforhodamine B assay was performed on GBM neurosphere cultures and normal neural progenitors (NHNP) to assess the cytotoxicity of G5-7 at 96 hours of exposure, using the same dose range as for glioma cell lines. All proliferation assays were repeated at least twice.
Flow cytometric analysis
Cells were treated with or without G5-7 for 24 hours, then centrifuged, washed twice with ice-cold phosphate-buffered saline (PBS), and fixed in 70% ethanol at −20°C for 24 hours. After being washed with 5 ml of PBS, the cells were incubated with propidium iodide (20 μg/ml) and ribonuclease A (20 μg/ml) in PBS for 45 min and assessed on a Coulter Elite flow cytometer.
In vitro kinase inhibitory profile and JAK2 kinase assay
The effect of G5-7 on kinase activity was tested using the I SelectScreen Kinase Profiling Panel (Invitrogen) following the manufacturer's protocol. For the JAK2 kinase assay, U87MG/EGFR cells were cultured in complete growth medium and lysed in lysis buffer [50 mM tris-Cl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1 mM NaV 3 O 4 , 1 mM EDTA, and 1× protease inhibitor cocktail]. JAK2 proteins in U87MG/EGFR lysates were immunoprecipitated with JAK2 antibody and preincubated with different concentrations of G5-7 or G5-9 for 15 min on ice. Then 1 μg of GST-EGFR KD K721A or 0.4 μg of GST-STAT3 substrate, 10 μM free ATP, and 2.5 μCi of γ-[ 32 P]ATP were added to start the reaction, and the reaction mixture was incubated at 30°C for 10 min. The samples were separated on a SDS-polyacrylamide gel, autoradiographed, and analyzed by ImageJ. For the EGFR kinase assay, the EGFR standard protein (Sigma) was preincubated with different doses of G5-7 or 10 μM erlotinib for 20 min on ice, initiated the reaction in poly-Glu-Tyrcoated well for 30 min at room temperature, then following the manual to detect the phosphorylated substrates with ELISA. For the mTOR kinase assay, the mTOR standard proteins were preincubated with different doses of G5-7 or 10 μM wortmannin for 20 min on ice, initiated the reaction in p70S6K-GST coated well for 30 min at 30°C, then following the manual to detect the phosphorylated substrates with ELISA.
Subcutaneous and intracranial xenograft model
Cells (4 × 10 6 ) in 100 μl of serum-free DMEM were inoculated subcutaneously into 5-to 6-week-old female nude mice. Treatment commenced once tumors had reached a mean volume of 40 mm 3 . The mice were treated with vehicle control and G5-7 (10 and 50 mg/kg) administered by oral gavage once a day for 3 weeks. Tumor volume (in mm 3 ) was determined using the formula (length × width 2 )/2, where length was the longest axis and width being the measurement at right angles to the length. For the intracranial model, mice were placed in a stereotaxic instrument, and cells (1 × 10 5 ) were stereotactically inoculated into the right striatum, 3 mm below the dural surface, on day 0. On day 7 after tumor implantation, the mice were examined with MRI for validating the tumor formation. Ten days after drug treatment, mice from each group were selected and analyzed by MRI again for the tumor volumes.
Magnetic resonance imaging
MRI scans were carried out on a 3-T MRI scanner (Siemens Tim/Trio) using a volume wrist coil. Animals were anesthetized by intraperitoneal injection of the mixture of ketamine/ xylazine (95:5 mg/kg). The animal was then placed in the center of the coil and immobilized. The animal was kept warm in the scanner using warm pads. Images were collected in the axial direction (from head to tail) capturing the entire brain. The MRI protocol included pre-contrast T 1 -weighted spin echo and T 2 -weighted fast spin echo sequences using a field of view of 25 × 64 mm, a matrix of 192 × 256, and a slice thickness of 1 mm (no gap). Image acquisition parameters were repetition time (TR)/echo time (TE) = 560/14 ms with a flip angle of 70 for T 1 -weighted spin echo imaging, and TR/TE = 4700/86 ms with a flip angle of 150 for T 2 -weighted imaging. The post-contrast imaging was performed on each animal using the same protocol after intravenously administering 50 μl of gadolinium contrast agent [Gd-DTPA (gadolinium diethylenetriamine pentaacetic acid), 20 mg/ml] by tail vein injection. Image analysis and tumor volume measurements were carried out using ImageJ software National Institutes of Health. Intracranial tumors were identified by pre-contrast T 2 -weighted fast spin echo MRI and contrast-enhanced T 1 -weighted spin echo MRI. The tumor volume was obtained using the region of interest (ROI) analysis. Tumor margins that define ROIs were traced manually on each image slice based on the contrast enhancement where the signal increase was more than 30% of the background brain tissue signals. The tumor volume of each animal was then calculated from the sum of the product of the signal-enhanced area in each slice and the thickness of slice.
Knockdown and overexpression of JAK2
Cells were transfected with siRNA (scrambled siRNA or JAK2 siRNA, Thermo Scientific) or plasmid (pcDNA3.1 or different JAK2 fragments) using Lipofectamine 2000 (Invitrogen)
according to the manufacturer's instruction. After 24 hours, the transfected cells were split into six-well plates for signal cascades analysis, 96-well plates for cell proliferation examination, or 10-cm dishes for binding analysis.
RNA extraction and RT-PCR
Total RNA was isolated from various cell lines using the TRIzol reagent (Invitrogen). Two micrograms of RNA was transcribed into complementary DNA by SuperScript III (Invitrogen) in 20 μl, and 2 μl was subjected to RT-PCR. The condition for PCR was 30 cycles of denaturation (94°C/min), annealing (60°C/min), and extension (72°C/min), and 1 cycle of final extension (72°C/10 min). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The amplified PCR products were separated by electrophoresis on a 2% agar gel containing ethidium bromide and quantitated by relative intensities of the bands as compared with those of GAPDH using ImageJ software. PCR primers (VEGF forward, 5′-GCACCCATGGCAGAAGGAGGAG-3′; VEGF reverse, 5′-AGCCCCCGCATC-GCATCAG-3′; GAPDH forward, 5′-TTGCCATCAATGACCCCTTCA-3′; GAPDH reverse, 5′-CGCCCCACTTGATTTTGGA-3′) were synthesized by Eurofins MWG.
Immunohistochemical analysis
Tumors were fixed in 4% paraformaldehyde overnight followed by paraffin embedding. Sections (8 μm) were deparaffinized in xylene and rehydrated in graded alcohols. Endogenous peroxidase activity was blocked by 3% hydrogen peroxide for 5 min, and all slides were boiled in 10 mM citrate buffer (pH 6.0) for 10 min. Phosphorylated EGFR (p-EGFR), p-Akt, p-rpS6, and p-PKC were detected using specific primary antibodies and Zymed Histostain-SP AEC kit (Invitrogen Inc.). Slides were then counter-stained with hematoxylin. The number of vascular structures per square millimeter in the tumor xenografts was quantified by counting three different 10× microscopic fields for each section of mouse (three mice per group). The three fields were averaged in each tumor, and the averages for each animal were used to give the final mean ± SEM.
Immunofluorescence staining and TUNEL assay
For immunofluorescence staining, tissue sections were deparaffinized in xylene, rehydrated in graded alcohols, and were boiled in 10 mM sodium citrate buffer (pH 6.0) for 10 min. The sections were blocked with 1% bovine serum albumin in PBS at 37°C for 30 min after primary anti-Ki67 (1:50) incubation at 4°C overnight. On the second day, the sections were washed with PBS and incubated with Alexa Fluor 488-labeled goat anti-rabbit IgG antibody (1:200) at room temperature for 60 min, followed by rinsing with PBS for 10 min and staining with 4′,6-diamidino-2-phenylindole for another 10 min at room temperature. After mounting, the sections were examined under a fluorescence microscope. Apoptosis was detected using an in situ cell death detection kit (Roche Diagnostics) according to the manufacturer's instruction.
Biotin-streptavidin pull-down assay
Cells were treated with G5-7 (50 μM) or biotin-labeled G5-7 ("D," 5 μM), or both for 1 hour, and collected and lysed in lysis buffer A [50 mM tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1.5 mM Na 3 VO 4 , 50 mM NaF, 10 mM sodium pyrophosphate, 10 mM sodium β-glycerophosphate, 1× protease inhibitor cocktail], and then centrifuged for 10 min at 14,000g at 4°C. The supernatant was added to 50 μl of NeutrAvidin beads (Pierce), incubated with slow rotation for 3 hours, and washed five times with 1 ml of lysis buffer. The beads then were boiled and used in silver staining and immunoblotting analysis.
Statistics analysis
Data are presented as means ± SEM. Statistical evaluation was carried out by Student's t test or ANOVA followed by Tukey's multiple comparison tests versus controls. Data were considered statistically significant when P < 0.05. All statistical analysis was performed by the program Prism (GraphPad Software).
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Fig. 6. G5-7 suppresses angiogenesis in tumors
(A) Analysis of angiogenesis using endothelial cell marker CD31 in intracranial or subcutaneous tumors from mice treated with or without G5-7. The number of vascular structures per square millimeter in the tumor xenografts was quantified by counting three different 10× microscopic fields for each section per mouse (three mice for each group). The three fields were averaged in each tumor, and the averages for each animal were used to give the final mean ± SEM (*P < 0.05, **P < 0.01, two-tailed Student's t test, n = 3). (B) Enzyme-linked immunosorbent assay (ELISA) analysis measuring the secretion of VEGF in U87MG/EGFRvIII and U87MG/PTEN cell lines treated with a range of doses of G5-7 for 24 hours (*P < 0.05, **P < 0.01, one-way ANOVA, n = 3). (C) Analysis of migration and invasion of HUVECs treated with a dose range of G5-7. Data are means ± SEM (*P < 0.05, **P < 0.01, one-way ANOVA, n = 3). (D) Cytotoxicity analysis with LDH in MEFs, astrocyte cell lines (C8-S and C8-30), and glioma cell lines (U87MG/PTEN and U87MG/ EGFRvIII) after treatment with G5-7 (*P < 0.05, **P < 0.01, one-way ANOVA, n = 3). (E) Cell proliferation assay using the same cells treated the same way as in (D) (*P < 0.05, **P < 0.01, one-way ANOVA, n = 3). 
